It is well established that refractive development is regulated by visual feedback. However, most optical treatment strategies designed to reduce myopia progression have not produced the desired results, primarily because some of our assumptions concerning the operating characteristics of the vision-dependent mechanisms that regulate refractive development have been incorrect. In particular, because of the prominence of central vision in primates, it has generally been assumed that signals from the fovea determine the effects of vision on refractive development. However, experiments in laboratory animals demonstrate that ocular growth and emmetropization are mediated by local retinal mechanisms and that foveal vision is not essential for many vision-dependent aspects of refractive development. However, the peripheral retina, in isolation, can effectively regulate emmetropization and mediate many of the effects of vision on the eye's refractive status. Moreover, when there are conflicting visual signals between the fovea and the periphery, peripheral vision can dominate refractive development. The overall pattern of results suggests that optical treatment strategies for myopia that take into account the effects of peripheral vision are likely to be more successful than strategies that effectively manipulate only central vision. (Optom Vis Sci 2011;88:1029-1044 
B
ecause the effects of myopia on visual acuity can usually be mitigated (e.g., via spectacles), myopia is often considered to be a minor health care issue. However, for the following reasons, myopia is a significant public health concern, and it is critical that we develop new treatment strategies for myopia.
First, myopia is a very common condition. Although traditional estimates indicate that about 25% of the adult U.S. population has myopia, 1 in regions of East Asia, myopia has reached epidemic proportions and its prevalence now exceeds 80% in some highly educated groups. [2] [3] [4] [5] [6] Moreover, there is growing evidence that the prevalence of myopia, including high myopia, is increasing rapidly in the United States 1,7-10 and other non-Asian countries. 11, 12 This rapid rise in myopia prevalence suggests that changing environmental factors are significantly influencing current patterns of refractive errors. 13 Myopia is associated with ocular complications that can lead to permanent vision loss. Presumably because of structural changes associated with excessive axial elongation, 14 myopic eyes have an increased risk of cataract, [15] [16] [17] glaucoma, 18, 19 chorioretinal degenerations, and retinal detachments. 20 -22 As a result, myopia is a leading cause of permanent visual impairment. 23 Myopia has a substantial economic burden on society. In the United States, we spend billions of dollars each year on refractions and optical corrections for myopia. In addition, considerable costs are associated with treating the eye diseases connected with myopia and managing the visual impairment and blindness that can result from these conditions. 1, 24 Traditional optical treatment regimens for slowing myopia progression have had limited success. For example, under-correction strategies actually accelerate the rate of myopia progression 25, 26 and although traditional multifocal lenses significantly reduce the rate of myopia progression, the magnitude of the treatment effects are generally small and not clinically meaningful. [27] [28] [29] [30] Fortunately, in recent years, the optometric and vision science communities have made significant strides in our understanding of how vision can influence eye growth and refractive development. As a consequence, I believe that in the near future, we will have a variety of different optical treatment strategies that effectively reduce myopia progression. In this article, I focus on one potential optical treatment strategy. Specifically, I will present the results from a series of studies of laboratory animals that I believe provide the foundation for a peripheral optical treatment strategy. For practical reasons, most of this research was conducted during the early infantile stage of ocular growth, a factor that potentially complicates extrapolations to older humans. However, the visiondependent mechanisms that influence refractive development are active well into early adulthood, and appear, at least in laboratory animals, to operate in a qualitatively similar manner in young and old animals. [31] [32] [33] [34] Fig . 1 illustrates the basic goal of this peripheral optical treatment strategy. Primarily because myopic eyes are less oblate in shape than emmetropic eyes, the image shell for distant objects is flatter than the surface of the retina. [35] [36] [37] [38] As a consequence, when myopic eyes are corrected with traditional spectacle or contact lenses, the retinal image at the fovea is in focus; however, most of the retina experiences hyperopic defocus that generally increases in magnitude with eccentricity, 39 -46 a situation that arguably results in a strong signal for myopic growth. [47] [48] [49] [50] [51] As shown in the right panel of Fig. 1 , the goals of the peripheral treatment strategy are to provide optimal central vision (i.e., an in-focus foveal image) and, at the same time, to increase the curvature of field of the image shell to eliminate peripheral visual signals that stimulate axial growth (i.e., hyperopic defocus) and/or to produce signals that reduce axial growth (i.e., in focus images or myopically focused images). This represents a significant departure from traditional negativepowered correcting lenses, which typically increase the degree of relative peripheral hyperopia in myopic eyes. 52, 53 Why should we be concerned with peripheral refractive errors? With respect to controlling myopia progression, I believe that there are five primary reasons.
Ocular Growth and Refractive Development Are Regulated by Visual Feedback
A very large body of evidence indicates that ocular growth and refractive development are regulated by visual feedback associated with the eye's effective refractive state, in essence optical defocus. The observations that emmetropization does not occur in animals that are reared in total darkness, 54 that form deprivation, by preventing meaningful visual feedback, results in unregulated, "openloop" axial growth, [55] [56] [57] [58] and that, at least early in life, animals can recover from induced refractive errors 59 -63 support the idea that the eye uses visual feedback to regulate refractive development. However, the results that have come from what are commonly referred to as lens compensation experiments, a strategy that was pioneered by Frank Schaeffel, 64, 65 have provided the strongest and most clinically meaningful evidence that optical defocus regulates ocular growth and refractive development.
In lens compensation experiments, powered treatment lenses are used to alter the eye's effective refractive status by a known amount and the effects of these lenses on subsequent ocular and refractive development are assessed over time. The key finding, which is illustrated in Fig. 2 , is that the eyes of young animals can alter their refractive state in a manner that "compensates" for the optically imposed errors. In the top row of Fig. 2 , refractive error is plotted as a function of time for individual monkeys reared with positive-, negative-or zero-powered spectacle lenses over both eyes. 61 As reflected by the first data point for each animal, shortly after birth infant monkeys are moderately hyperopic and, as illustrated by the control animal that was reared with zero-powered lenses over both eyes, emmetropization normally occurs quickly so that by 4 to 5 months of age most normal monkeys exhibit low degrees hyperopia. However, putting negative lenses on monkeys accelerates the normal reduction in hyperopia and causes negative-lens-reared monkeys to become myopic. The resulting degree of myopia is correlated with the power of the treatment lenses so that at the end of the treatment period when these animals viewed through their negative treatment lenses, their "corrected" refractive states are similar to the natural ametropias of normal monkeys. Conversely, positive lenses prevented the normal decrease in hyperopia and, as shown in the left most panel, it is possible to produce substantial amounts of absolute hyperopia in infant monkeys if the treatment lens powers are increased gradually over time during the lens-rearing period. The process of lens compensation is largely independent in the two eyes. For example, in response to securing different powered lenses in front of the two eyes, animals will develop anisometropias that compensate for the imposed imbalance. 61 ,66
FIGURE 1.
Schematic of the optical goals of a potential peripheral treatment strategy to slow the progression of myopia. The left panel illustrates the position of the image shell for a distant object in a typical unaccommodated myopic eye. The middle panel shows that traditional correcting lenses provide an in focus foveal image but do not correct the relative hyperopia that usually occurs in the periphery. The right panel emphasizes that a fundamental goal of a peripheral treatment strategy would be to provide optimal central vision and at the same time eliminate peripheral visual signals that may stimulate growth and produce visual signals that normally reduce growth.
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It is noteworthy that the phenomenon of lens compensation has been observed in every animal species that has been studied in a systematic manner (e.g., chickens, 64 fish, 67 guinea pigs, 68 tree shrews, 69 marmosets, 70 and rhesus monkeys 66 ). Moreover, the results are qualitatively similar in these species. For example, in the bottom left graph in Fig. 2 , the mean refractive error at the end of the treatment period is plotted as a function of treatment lens power for four species commonly used in refractive error research. In each species, for a range of moderate powered treatment lenses, the resulting ametropia was positively correlated with treatment lens power, i.e., treatment lenses produced predictable compensating changes in refractive error. This and other similarities between species (e.g., emmetropization, form deprivation myopia, and the spatial and temporal integration properties of these visiondependent mechanisms) indicate that the vision-dependent mechanisms that regulate refractive development have been largely conserved across species and consequently, it is likely that the results from laboratory animals can be extrapolated to humans with some degree of confidence. In this respect, when comparable data were available, the results from humans are qualitatively similar to those from laboratory animals. For example humans, like all animals species that have been studied in a systematic fashion, demonstrate the phenomenon of form deprivation myopia 71 and anisometropic compensation. 72 The lens-induced changes in refractive error are primarily axial in nature and come about principally as a result of changes in vitreous chamber growth rates. As shown in the lower right panel, at the end of the lens-rearing period, there is a strong correlation between refractive error and vitreous chamber depth. In animals subjected to monocular treatment regimens, interocular differences in vitreous chamber depth can explain upward to 80 to 90% of the interocular differences in refractive error. 60, 73 Changes in corneal power make a minor contribution to vision-induced changes in refractive error (e.g., r 2 ϭ 0.12); however, in monkeys, the remainder of the anterior segment is largely unaffected by vision-induced alterations in refractive error.
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FIGURE 2.
Results from lens compensation experiments in infant monkeys. Top panel, spherical-equivalent spectacle-plane ametropias plotted as function of age for individual monkeys reared with powered spectacle lenses in front of both eyes. 61 The first and last data point for each animal represent the start and end of the lens-rearing period. The powers of the treatment lenses are given in each panel. The monkey shown in the left most plot was treated with progressively increasing powers of positive lenses beginning with ϩ4.5 D and ending with ϩ9 D lenses. All the other monkeys wore the same powered lenses throughout the treatment period. The cross-hatched area shows the mean (Ϯ1 SD) ametropias for normal 4-to 5-month-old infant monkeys. The bottom left plot compares the results of lens compensation experiments in different species (chickens, 120, 121 tree shrews, 122 marmosets, 70 and monkeys 61 ). The mean ametropia obtained at the end of the lens-rearing period is plotted as a function of the power of the treatment lenses. In the bottom right panel, the ametropia obtained at the end of the lens-rearing period is plotted as a function of vitreous chamber depth for individual experimental monkeys. 74 Optical Treatment Strategies for Myopia-Smith, III 1031
The Vision-Dependent Mechanisms That Regulate Refractive Development Operate in a Regionally Selective Manner
Experiments that have used reduction strategies to identify the visual system components that regulate refractive development have revealed that the dominant vision-dependent mechanisms are located within the eye. For example, surgically sectioning the optic nerve [75] [76] [77] or pharmacologically blocking the conduction of action potentials in the optic nerve does not prevent the phenomenon of form-deprivation myopia. 78 Similarly, interrupting signal transmission in the treated eye's optic nerve does not prevent the recovery from form-deprivation myopia 79 or the compensating responses to optically imposed defocus, although the resulting responses may be attenuated and there may be a shift in the end point for emmetropization. 79 -81 Moreover, experimental manipulations that eliminate the primary parasympathetic or sympathetic inputs to the eye also fail to prevent the phenomena of form deprivation myopia 75 or lens compensation, although these vision induced responses may not be identical to those observed in intact eyes. [81] [82] [83] In other words, the signals that the retinal image is degraded and/or defocused do not have to get out of the eye to produce vision-induced alterations in refractive error. In addition, the primary neural inputs to the eye and their associated physiological processes (e.g., accommodation) can be interrupted without eliminating the influence of vision-dependent mechanisms on refractive development.
More importantly, at least with respect to the potential influence of peripheral vision on central refractive development, the vision-dependent retinal mechanisms that dominate refractive development operate in a local, regionally selective manner. The most direct evidence for the local nature of these mechanisms come from experiments in which the visual signals for ocular growth have been varied in a systematic fashion across the visual field, an experimental strategy first used by the Hodos and Kuenzel 84 and Wallman et al. laboratories. 59, 85 The results presented in Fig. 3 demonstrate that, as in birds, 59, 84, 85 tree shrews, 86 and guinea pigs, 87 regional variations in visual experience can produce regionally selective alterations in ocular growth in primates. Specifically, Fig. 3 shows the horizontal magnetic resonance images obtained at ages corresponding to the end of the treatment period for both eyes of representative monkeys treated with monocular, full-field form deprivation (top row) and monocular form deprivation that was restricted to the nasal visual field (bottom row). Simple inspection reveals that full-field form deprivation produced an obvious increase in the size of the treated eye. As emphasized in the right panel, which shows the superimposed outlines of the treated and control eyes, the anterior segments were similar in the two eyes. Full-field form deprivation resulted in relative increases in vitreous chamber depth that were greatest in the central retina and decreased in a relatively symmetric manner in the nasal and temporal retinas, i.e., the treated eye developed a longer axial length and became more prolate in shape. 73 In contrast, in the monkey reared with nasal-field form deprivation, the changes in vitreous chamber depth were asymmetrical across the horizontal retina. In particular, the increases in vitreous chamber depth were largely restricted to the temporal retina; the outlines of the treated and control eyes virtually overlapped over most of the nasal retina. 88 Qualitatively similar results were obtained in monkeys reared with imposed nasal-field hyperopic defocus. 89 The regional alterations in vitreous chamber depth produced by hemifield treatment regimens predictably altered the pattern of peripheral refractions in the treated eyes. Fig. 4 shows the average refractive errors plotted as a function of horizontal visual field eccentricity for the treated and control eyes of monkeys reared with nasal-field form deprivation, Ϫ3 D of nasal-field defocus or ϩ3 D of nasal-field defocus. In all three treatment groups, the treated-eye refractive errors obtained over the temporal visual field were similar to those for the fellow control eyes. However, for the monkeys reared with nasal-field form deprivation and nasal-field hyperopic defocus, the refractive errors in the nasal visual fields of the treated eyes were more myopic/less hyperopic than those for their fellow control eyes. For the monkeys reared with imposed nasal-field myopic defocus, the treated eyes exhibited relative hyperopic anisometropias that were greatest in magnitude in the nasal visual field. As illustrated in the right plot of Fig. 4 in which interocular differences in refractive error are plotted as a function of interocular differences in vitreous chamber depth, there was a strong correlation between the changes in the pattern of peripheral refractions and the changes in eye shape.
The fact that the vision-dependent mechanisms that dominate refractive development operate in a regionally selective fashion suggests that it is unlikely that global mechanisms play a primary role in refractive development. For example, it is difficult to imagine how the act of accommodation or an increase in intraocular pressure could produce the regional changes in eye shape and refractive error shown in Figs. 3 and 4. However, the existence of local acting vision-dependent mechanisms provides a way for peripheral vision to influence eye shape and axial length in a manner that is independent of central vision.
Visual Signals From the Fovea Are Not Essential for Many Aspects of Vision-Dependent Growth
It has historically been assumed that visual signals from the fovea dominate refractive development. 90 This is a logical assumption because resolution acuity is highest at the fovea and the fovea is the part of the retina that is most sensitive to optical defocus. In addition, accommodation is largely controlled by visual signals from the fovea. As a consequence, efforts to associate visual experience and refractive development, in particular, the development of myopia, have until recently concentrated almost exclusively on central vision and most of our optical treatment strategies have focused on manipulating image quality and/or the effective refractive state of the fovea.
If visual signals from the fovea dominate vision-dependent ocular growth and refractive development, then it is reasonable to assume that eliminating these visual signals would alter refractive development. However, foveal signals can be eliminated without significantly interfering with many vision-dependent phenomena. For example, the top row of Fig. 5 shows that eliminating visual signals from the fovea by laser photoablation does not alter the course of emmetropization in infant monkeys raised with unrestricted vision. The top left graph shows refractive error plotted as a function of age for a monkey that had the central 10 to 12°of the retina in one eye ablated using a thermal laser at 3 weeks of age. If foveal signals were critical for normal emmetropization, one would expect to see systematic interocular differences in refractive development, which could, for instance, be manifest as alterations in the time course, end point, or the effectiveness or efficiency of the emmetropization process. However, the course of emmetropization for the treated eye was very similar to that for the control eye and, as illustrated in the top right graph, which compares the interocular differences in refractive that occurred during emmetropization in normal monkeys and monocularly laser-treated monkeys, eliminating foveal visual signals does not appear to systematically alter normal refractive development. 91 Visual signals from the fovea are not essential for the phenomenon of form-deprivation myopia. 91 The bottom left plot of Fig. 5 shows longitudinal refractions for a monocularly form-deprived monkey in which the fovea of the treated eye was ablated at the onset of form deprivation. Despite the absence of foveal signals, the treated eye systematically developed axial myopia during the period of form deprivation. As shown in the bottom right plot in Fig.  5 , at the end of the treatment period, the effects of form deprivation were similar in monkeys with foveal ablations and those with intact retinas. Although there is substantial intersubject variability in the degree of form deprivation myopia, there was a nonsignificant tendency for the refractive-error changes to be smaller in the eyes with foveal ablation. It would be expected that foveal signals would contribute to the overall signals for ocular growth in intact eyes and that eliminating the fovea would remove this contribution resulting in a somewhat smaller overall growth signal. However, it is clear that the fovea does not convey something that is unique or essential to the phenomenon of form deprivation myopia. Magnetic resonance images obtained in the horizontal plane for the treated (left) and control eyes (middle) of monkeys reared with monocular full-field form deprivation 73 and monocular nasal-field form deprivation. 88 The nasal and temporal retinas are designated as N and T, respectively. In the right panels, the outlines for the treated (red) and fellow eyes (blue) have been superimposed after rotating the fellow eye images around the optic axes so that the nasal retinas (N) are shown to the right for both eyes. The superimposed images were aligned using the lines that connected the equatorial poles of the crystalline lenses as a reference (the red lines shown in the treated and fellow eye images in the left and middle columns).
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In the absence of visual signals from the fovea, eyes can recover from experimentally induced refractive errors, 92 a process guided by visual feedback. 63 Fig . 6 shows longitudinal data from representative monkeys that wore treatment lenses over both eyes. In the animal represented in the left column, the treatment lenses slowed axial growth in both eyes and produced similar degrees of hyperopia. In the animal shown in the middle column, the experimental regimen accelerated axial growth and produced myopia in both eyes. At the end of the lens-rearing period, the fovea of one eye was ablated and the animals were allowed unrestricted vision. During the recovery period, both animals exhibited emmetropizing responses that very similar in the intact and laser-treated eyes. For the myopic animal, both eyes showed a dramatic decrease in vitreous chamber growth and both eyes became less myopic as the cornea and lens normally decreased in power, apparently following a genetically determined, preprogramed growth plan. Both eyes of the hyperopic animal exhibited an acceleration in vitreous chamber growth and the degree of hyperopia decreased systematically to normal levels. The key point, as emphasized in the right panel of Fig. 6 , there were no systematic differences in the recovery process in eyes with foveal ablations and those with intact retinas. These results suggest that the periphery, in isolation, can detect the presence of a refractive error and direct eye growth in a manner that eliminates that error.
Because of the prominent role of foveal vision in primates, it is somewhat uncomfortable to think that the fovea does not directly control refractive development. In this respect, it is important to recognize that (1) the vision-dependent mechanisms that dominate refractive development evolved in species without foveas (e.g., fish), i.e., species in which panoramic vision is more important than central vision, (2) these mechanisms operate very effectively even in eyes with comparatively low spatial resolution (e.g., chickens, tree shrews, and guinea pigs), and (3) the operating properties of the these mechanisms have been largely conserved across species. From this perspective, it is reasonable to expect the periphery to play a significant role in regulating eye growth and ocular shape to optimize refractive error across the visual field.
When Conflicting Signals Exist between the Central and Peripheral Retina, Peripheral Visual Signals Can Dominate Central Refractive Development
It is likely that the relative contribution of visual signals from a given retinal location to overall eye growth vary with eccentricity and depend on various factors like the sensitivity of local retinal neurons to critical visual cues and the absolute number or density of retinal neurons (as well as eccentricity dependent variations in the biology of the choroid and sclera). Because the densities of cone photoreceptors, ganglion cells and certain other neurons are higher in the central retina and decrease dramatically with eccentricity, 93 it appears reasonable to expect that foveal signals would generally override potentially conflicting signals from more peripheral locations. However, as illustrated in Fig. 7 that is not necessarily the case. Fig. 7 presents a comparison of central refractive development between normal monkeys and those reared wearing binocular diffuser spectacles that had either 4 or 8 mm central apertures centered on the pupils of each eye. 92 When viewing through the treatment lenses, the central 24 to 37°of the retina received unrestricted vision whereas the remaining parts of the visual field experienced form deprivation. In essence, the central retina experienced visual signals that normally support emmetropization, whereas the peripheral retina received visual signals that normally result in axial myopia. As illustrated in the bottom left panel of Fig. 7 , the longitudinal refractive-error profiles of the experimental animals were very different from those observed in normal monkeys. At the end of the lens-rearing period, 8 of the 12 experimental monkeys showed central refractive errors that were less hyperopic/more myopic than 95% of the normal monkeys (bottom middle panel). These myopic changes in the treated monkeys were associated with increases in the axial depth of the vitreous chamber (bottom right panel). Average (ϮSE) spherical-equivalent refractive corrections obtained at the end of the lens-rearing period (about 4.5 months of age) plotted as a function of horizontal visual field eccentricity for monkeys reared with spectacle lenses that produced either form deprivation (leftmost), 88 3 D of hyperopic defocus (second from left), 89 The results shown in Fig. 7 demonstrate that visual signals from the periphery can override visual signals from the central retina and alter central refractive development. Stated in another way, the centrally generated signals associated with in-focus images and myopic defocus, i.e., signals that normally stop axial growth, were not effective in retarding the axial myopia produced by peripheral form deprivation. There are several potential explanations for the relative dominance of the peripheral retina. As suggested by Wallman and Winawer, 94 if there is summation or integration of growth signals across the posterior globe, spatial summation factors may allow the peripheral retina to dominate central refractive development, particularly if the relative strengths of growth/stop signals are dependent on the absolute number of specific signaling neurons. For example, although the density of many retinal neurons is highest in the central retina, the absolute numbers are low because the central retina represents a relatively small part of the total retina. Specifically, the diameter of the fovea and parafovea (the area of retina with the highest density of cones and ganglion cells) is only about 2.5 mm, which represents the central 8 to 9°of the retina. 95 However, together the fovea and parafovea make up Ͻ0.5% of the total retinal area. The absolute numbers of retinal neurons are much higher in the periphery simply because the peripheral retina is so large in comparison to the fovea. This may be particularly true for certain neuron types (e.g., dopaminergic amacrine cells) that appear to be directly involved in the vision-dependent biochemical cascade 96 controlling refractive development and that have relatively flat density profiles across the retina. 93 In addition, because of the geometry of the globe, the periphery could influence central axial length and refractive development via Effects of foveal ablation on refractive development in animals reared with unrestricted vision (top row) and monocular form deprivation (bottom row). 91 The left plots show spherical-equivalent refractive corrections plotted as a function of age for the treated (filled symbols) and control eyes (open symbols) of representative monkeys. The foveal ablations were performed at the onset of the observation period or at the onset of form deprivation. The right plots show the interocular differences in refractive error for individual animals. The top right graph includes data obtained throughout the observation period for five treated monkeys and 24 age-matched control monkeys. The horizontal lines in the box plots represent the medians, the bottoms and tops of the boxes represent the 25th and 75th percentiles. The whiskers that extend vertically from the tops and bottoms of the boxes represent the 90th and 10th percentiles, respectively. The diamond symbols represent outliers. The bottom right graph shows data obtained at the end of the lens-rearing period for individual animals. Controls, normal monkeys; FA ϩ FDM, foveal ablation and form deprivation; FDM only, monocular form deprivation.
Optical Treatment Strategies for Myopia-Smith, III 1035 the actions of peripheral mechanisms acting in a local, regionally selective manner. 46 Visual signals that influence ocular growth and refractive error cause the sclera to expand or to resist expansion in a tangential direction. 97 In this respect, signals to increase growth (e.g., hyperopic defocus) would result in tangential expansion in the periphery that would also affect the axial position of the posterior retina and, thus, the central refractive error.
It is also possible that the vision-dependent mechanisms that regulate ocular growth are distributed across the retina in manner that favors the periphery. For instance, although it has generally been assumed that cone photoreceptors are primarily involved in the detection of visual signals for eye growth, studies in knock-out mice suggest that rod photoreceptors, which are preferentially distributed in the midperiphery, are important for the detection of signals that are involved in emmetropization and the phenomenon of form-deprivation myopia. 98 In the chicken, bullwhip neurons, a sparse population of retinal neurons located primary in the periphery, have been shown to regulate equatorial eye growth in a vision dependent manner.
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Refractive Errors Can Vary with Eccentricity and Peripheral Optical Errors Can Alter Central Refractive Development
In addition to the expected increase in radial astigmatism with eccentricity, the eye's spherical-equivalent refractive error can vary substantially with eccentricity, 39 -41,43,46,100 i.e., the visual signal for eye growth can vary with eccentricity. Several observations in humans suggest that the pattern of peripheral refraction could have a significant impact on emmetropization at the fovea and, in particular, could play a role in the onset and progression of myopia. For example, the pattern of peripheral refractive error varies systematically with the central refractive error. Specifically, in comparison to emmetropic and hyperopic eyes, eyes with central axial myopia are less oblate/more prolate in shape 35, 101 and typically exhibit relative peripheral hyperopia in the horizontal meridian (i.e., the periphery is less myopic than the fovea) 40, 43, 102 that increases in magnitude with the degree of central myopia. 35, 38 Because central vision effectively controls accommodation and dictates the plane of fixation, the periphery of prolate-shaped eyes would often experience hyperopic defocus, which arguably could serve as a stimulus for the onset and progression of myopia. 51, 94 Longitudinal studies in humans indicate that peripheral hyperopia often precedes the onset of central myopia and can be a risk factor for the onset and progression of myopia. For example, Hoogerheide et al. 47 found that young, emmetropic adults who exhibited peripheral hyperopic errors for both the tangential and sagittal image shells were much more likely to develop myopia during pilot training than those individuals who exhibited simple myopic astigmatism in the periphery. Similarly, Schmid 50 found a significant correlation between retinal steepness (specifically more prolate-shaped eyes) and myopic shifts in central refraction in chil- Effects of foveal ablations on recovery from experimentally induced refractive errors. 92 Left panel, spherical-equivalent, spectacle-plane refractive corrections (top) and mean vitreous chamber depths along the pupillary axis (bottom) are plotted as a function of age for the right eyes of individual control animals (thin gray lines) and the laser-treated (filled symbols) and non-lasered fellow eyes (open symbols) of two monkeys that wore binocular peripheral diffusers. The filled horizontal bars in the top plots indicate the lens-rearing periods. The laser photoablations were performed immediately after the lens-rearing period (top right). Right bottom panel, interocular differences in refractive error plotted as a function of age for seven monkeys with experimentally induced refractive errors that had the fovea of one eye ablated via laser photocoagulation at the end of the lens-rearing period. The first symbol for each animal represents the start of the recovery period. The thin gray lines represent data from the control monkeys.
dren; however, this relationship was only significant for the temporal retina. However, Mutti et al. 103 examining a single eccentricity in the temporal retina failed to find a consistent relationship between peripheral hyperopia and myopia onset. They did observe a significant relationship between the degree of relative peripheral hyperopia and myopia progression, but the overall influence of the peripheral hyperopia was weak.
It will be difficult to determine the relative contribution of peripheral hyperopia to myopia onset and progression in humans because the relationship between central and peripheral refraction is complex. For example, in myopic eyes, relative peripheral hyperopia is common in the horizontal meridian but not the vertical meridian. 36 Little is known about how these conflicting peripheral signals between different parts of the eye influence axial growth and, in this respect, most human studies have investigated only a very limited number of eccentricities and they rarely take into account that traditional spectacle lenses actually increase the degree of relative peripheral hyperopia experienced by myopic individuals. 52, 53 Moreover, consider the results shown in Fig. 8 , which demonstrate that, in addition to producing central axial myopia, form deprivation alters the pattern of peripheral refractions in infant monkeys resulting in relative peripheral hyperopia (top row). The degree of relative peripheral hyperopia generally increases with the degree of central axial myopia, but the strength of this relationship varies with eccentricity (bottom row), and there are asymmetries in the degree of relative hyperopia between the nasal and temporal visual fields. These changes in peripheral refraction come about because the treated eyes become less oblate/ more prolate in shape during the development of form-deprivation myopia. With respect to the relationship between central myopia and peripheral hyperopia, these results are important because the diffusers used in these experiments virtually eliminate defocus signals. Thus, the presence of relative peripheral hyperopia, even though it was observed before the onset central myopia in many Optical Treatment Strategies for Myopia-Smith, III 1037 animals, 73 could not have contributed to onset or progression of axial myopia. Consequently, the relationship between relative peripheral hyperopia and central myopia is not always causal in nature. Instead, it is likely that the treated eyes of the form-deprived monkeys became more prolate in shape during axial elongation as a consequence of inherent biological constraints on the growth of the eye. This relationship makes it difficult to evaluate the contribution of peripheral hyperopia to myopia progression because the magnitude of the peripheral error would depend on the baseline degree of central myopia. For example, if you were investigating the hypothesis that the degree of peripheral hyperopia influences the rate of myopia progression, based on the data in Fig. 8 , one would predict that high myopes would progress at a faster rate than low myopes. However, this potential relationship would be masked by many factors that influence one's absolute refractive state.
In addition, comparisons of the degree of peripheral hyperopia with the rate of myopic progression would also be confounded by the fact that vision-induced axial elongation rates vary substantially from one individual to the next. For example, consider the range of results shown in Fig. 5 (bottom right plot) . In these experiments, each of the form-deprived animals with intact retinas wore the same strength diffusers and the onset and duration of form deprivation was well controlled. Although the majority of the treated eyes developed axial myopia, the degree of myopia varied over nearly a 10 D range and several monkeys actually developed hyperopic errors (also see the bottom left plot in Fig. 7 ). It would be very difficult to take these individual differences in response rate into account when assessing the relationship between the degree of peripheral hyperopia and myopia progression because they would be essentially unknown.
It appears that the potential role of peripheral hyperopia in the genesis and progression of myopia can probably best be addressed in laboratory animals. In this respect, the results illustrated in Fig.  9 demonstrate that optically imposed peripheral hyperopia can produce central axial myopia in infant monkeys. First, rearing monkeys with negative spectacle lenses that provided unrestricted central vision and 3 D of relative peripheral hyperopia consistently produced central axial myopia and the range and degree of central myopia was comparable to that produced by full-field, Ϫ3 D lenses. Qualitatively similar results have been reported in chickens reared wearing negative spectacle lenses with central apertures. 48 Second, isolating relative hyperopia in the periphery using negative lenses combined with laser ablation of the central retina also results in central axial myopia. 51 Thus, in terms of designing an optical treatment strategy to reduce myopia progression, it appears prudent to develop correcting strategies that eliminate peripheral hyperopic errors that, as shown above, can promote myopia progression. However, even if peripheral hyperopic defocus is not the primary cause of myopic progression, designing correction strategies that produce visual signals in the periphery that normally slow or stop axial growth (e.g., in-focus images or myopic defocus) is a promising approach. The data represented in the left column of Fig. 6 show that myopic defocus isolated to the peripheral retina is very effective in reducing axial growth in infant monkeys. Similarly, Liu and Wildsoet 48 have recently demonstrated that optically imposed peripheral myopia 1038 Optical Treatment Strategies for Myopia-Smith, III greatly reduces axial growth in chickens. However, in terms of optimal peripheral corrections, it is important to recognize that there is much still to be learned about the effects of peripheral vision on central refractive development. In particular, it will be important to determine the optimal peripheral refractive state to reduce axial growth and the optimal peripheral treatment zone to control central axial elongation. For example, to optimize peripheral treatment strategies, it will be important to understand whether, as Schmid's data suggests, 50 the effectiveness of peripheral visual signals varies between semimeridians and whether compensating for these meridional differences enhances treatment efficacy.
Results From Clinical Studies Indicate That Peripheral Treatment Strategies Are Effective in Slowing Myopia Progression
Clinical trials have demonstrated conclusively that correcting lenses can alter the rate of myopia progression in children. Fig. 10 summarizes the changes in progression rate observed in some recent studies. The results have been segregated into groups based on the stated intent of the treatment strategy and whether the treatment lenses would have a substantial effect on peripheral refractive errors.
An aim of the studies that used traditional bifocals or progressive addition lenses was to decrease the level of accommodation during near work and/or to improve the quality of foveal vision, for example, by eliminating the degree of central hyperopic defocus associated with a lag of accommodation. 27, 29, 30, 104 Although it is unclear how successful these treatment lenses were in accomplishing these goals, 105 all the studies found a statistically significant reduction in myopia progression relative to traditional spectacles. Although from a scientific perspective, the results demonstrated that spectacle lenses could alter the course of myopia progression, the overall treatment effects were not clinically meaningful, possibly because the treatment zones of the lenses influenced a relatively small proportion of the visual field.
Recent studies using distance under-correction strategies were based on observations in laboratory animals that showed that myopic defocus can slow axial elongation and produce hyperopic shifts in refraction. However, in children, under-correction strategies have failed to slow myopia progression 26 and, in some cases, have been found to actually increase myopia progression relative to traditional single-vision spectacle prescription strategies. 25 At first glance, these results appear to directly contradict the findings from laboratory animals. However, it is important to recognize that the overall optical effects of under-correcting a myopic human eye are Effects of relative peripheral hyperopia on refractive development. 51 Left panel, spherical-equivalent refractive corrections obtained at ages corresponding to the end of the lens-rearing period for monkeys that were reared with unrestricted vision, wearing Ϫ3 D lenses that covered the entire visual field, wearing Ϫ3 D lenses with 6 mm apertures that produced relative peripheral hyperopia, and wearing full-field Ϫ3 D spectacle combined with foveal ablation. Right panel, refractive error plotted as a function of age for normal monkeys (thin gray lines) and monkeys reared with Ϫ3 D lenses with 6 mm apertures (filled symbols, top) or full-field Ϫ3 D lenses and foveal ablations (filled symbols, bottom).
Optical Treatment Strategies for Myopia-Smith, III 1039 likely to be very different from those imposed by a positive lens on the normal eyes of young animals. For example, with respect to distant targets, under-correction regimens will impose a relatively small amount of myopic defocus in the central retina (typically 0.5 to 0.75 D). Given the magnitude of relative peripheral hyperopia exhibited by most myopic humans, these small degrees of distance under correction are very unlikely to eliminate the large amounts of hyperopic defocus in the periphery. In contrast, in animal studies, the powers of positive treatment lenses are generally much higher than the degree of under correction. Moreover, the patterns of peripheral refractions in laboratory animals are likely to be very different from those of myopic children. For example, the majority of infant monkeys exhibit moderate amounts of central hyperopia and small amounts of relative peripheral myopia. 106 As a consequence, positive treatment lenses used with animals will typically impose relative myopic defocus on distant objects in both the central and peripheral retina, i.e., conditions that normally reduce the rate of axial elongation.
Correcting lenses that specifically target the pattern of peripheral refractions can reduce the rate of myopia progression. Recently, the Vision Cooperative Research Centre (Sydney, Australia) completed the initial clinical trials of new contact lenses and spectacle lenses that were designed to increase the curvature of the peripheral image shell while fully correcting central refractive errors, in essence, reducing the degree of relative peripheral hyperopia while maintaining clear central vision. Twelve-month data obtained for the new spectacle lens designs indicate that, relative to traditional spectacle lenses, two of three new designs (which differed in the amount and spatial distribution of the peripheral power zones) had no effect on progression rates. The third design, which had the smallest unrestricted central zone, reduced progression by an insignificant 17% in children 6 to 16 years of age. However, in a subgroup of younger children (6 to 12 years of age) with at least one myopic parent (i.e., children with relatively fast progression rates), this new lens significantly reduced myopia progression by 30%. 107 The experimental contact lens designs were more successful. Specifically, in 7-to 14-year-old children, contact lenses that reduced relative peripheral hyperopia decreased the average rate of myopia progression by 36% over a 12-month period. 108 It is likely that the contact lens designs were more effective than the best spectacle lens design because the optical treatment zones in the contact lenses were positioned closer to the line of sight and because, with contact lenses, the treatment zone remains centered during eye movements. Although these preliminary results provide proof that peripheral optical manipulations can slow myopia progression, much longer treatment periods will be necessary to prove clinical efficacy and much work is needed to optimize these lens designs.
Over-night orthokeratology optically corrects myopia by flattening the central cornea. For moderate degrees of central myopia, the primary changes in corneal topography are usually restricted to the central Ϯ20°of the visual field. As a consequence, the normal pattern of peripheral refractions is changed dramatically. Specifically, beyond the area of central flattening, the peripheral refractions typically change from the relative peripheral hyperopia found at baseline to relative peripheral myopia, 109 -111 in essence establishing a peripheral refractive state that normally reduces axial growth in laboratory animals. In this respect, the initial small-scale clinical trials indicated that orthokeratology slows axial elongation in myopic children by about 50% over a 2-year period. 112, 113 These promising early results have recently been confirmed in a larger, prospective study that found a 36% reduction in axial elongation over a 2-year period. 114 Interestingly, in this study, the larger reductions in progression rate were observed in individuals with higher degrees of central myopia, possibly reflecting the fact that orthokeratology strategies would be expected to produce the highest degrees of relative peripheral myopia in highly myopic children.
Promising results have also been obtained using treatment lenses that produce relative myopic defocus in the peripheral and central fields simultaneously. For example, Cheng et al. 28 found that executive bifocal spectacles reduced myopia progression by 46% on average over a 2-year period in 8-to 13-year-old children and Anstice and Phillips, 115 using multifocal contact lenses that had optical profiles similar to traditional center-distant bifocal contact lenses, reported a 36% reduction in myopia progression in an 10-month trial. Although the primary intent in both studies was to manipulate central vision, in both cases, the treatment lenses also produced relative myopic defocus over a very large part of the periphery. With the executive bifocal, when children were viewing through the distance portion of the lens, the near add produced relative myopic shifts over approximately half the visual field. In this respect, the larger treatment effects observed with executive bifocals vs. progressive addition lenses may reflect the executive bifocal's effectively larger treatment zone, i.e., relative myopic Relative efficacy of optical treatment strategies for slowing myopia progression. For most of the studies, refractive-error data were used to calculate the percentage difference in progression rate between the treated and control groups. For the orthokeratology trials, measures of vitreous chamber depth or axial length were used to calculate the differences in axial elongation rate between the treated and control groups. The data for traditional bifocals and progressive addition lenses were obtained from references. 27, 29, 30, 104 The results for under-correction strategies were obtained from references. 25, 26 The results for strategies which included significant peripheral components were obtained from 107 for spectacle lenses, 108 for contact lenses, [112] [113] [114] for orthokeratology, 28 for executive bifocals, and 115 for multifocal contact lenses.
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shifts were produced over a larger portion of the visual field. With the Anstice and Phillips' multifocal contact lens, children postured their accommodation for the distance portions of the lenses at all distances and, thus, experienced superimposed relative myopic defocus essentially across the entire visual field. Inspection of Fig. 10 shows that optical treatment strategies that influence the eye's effective refractive state over a substantial part of the peripheral field are likely to be more effective than traditional bifocals and progressive addition lenses and that peripheral treatment strategies can produce clinically meaningful reductions in the myopia progression. With respect to these peripheral treatment strategies, it is important to note that there is another commonality in all of these designs. In addition to treating a large part of the visual field, each of these strategies produces simultaneous myopic defocus, which animal studies show is a strong stimulus for reducing axial growth. 116 -118 For example, with the Anstice and Phillips' contact lenses, the myopic defocus is spatially superimposed on the in-focus central retinal image. With the Vision CRC contact lenses and spectacle lenses and with orthokeratology, the myopic defocus is spatially restricted to the periphery, but it exists simultaneously with clear central vision.
As originally suggested by research on laboratory animals, it appears likely that any lens design that imposes myopic defocus across a substantial part of the eye will be effective in slowing the rate of myopia progression. The more consistently the imposed myopic defocus is maintained over time and across fixation distances, the more likely it is to be effective. Because central vision controls accommodation, peripheral treatment strategies, like that illustrated in Fig. 1 , can consistently produce relative myopic shifts over time and they offer a number of other advantages. First, peripheral treatment strategies produce an antimyopia treatment effect while maintaining optimal central vision, in contrast to strategies that impose simultaneous myopic defocus across the central retina. Second, peripheral treatment strategies, by reducing the degree of peripheral hyperopic defocus, can actually produce measurable improvements in peripheral vision, a potentially valuable side benefit. 119 Third, peripheral treatment strategies can be implemented using all of our traditional optical treatment methods (i.e., spectacles, contact lenses, orthokeratology, and corneal laser surgery). This is an advantage because it will be important to develop effective antimyopia designs in all these modalities to meet patient needs. At the least, we should design correcting lenses that do not induce peripheral optical conditions that may actually promote myopia progression (e.g., like many traditional negative spectacle lenses).
Although I believe that we are on the verge of having a number of optical treatment options that do effectively slow myopia progression, it is important to note that many of the clinical results just outlined are preliminary in nature and these new lens designs must be investigated in larger and longer trials. Moreover, there are still many issues associated with these optical treatment strategies that must be resolved. For example, the optimal peripheral image shell manipulations required to slow myopia progression is not known. In this respect, it appears likely that as we develop a better understanding of the role of the periphery in regulating eye growth, we can increase the effectiveness of peripheral treatment strategies. For example, to date, all the optical treatment strategies have used a single power profile; no attempts have been made to optimize the peripheral optical manipulations to take into account the substantial intersubject differences in the pattern of peripheral refractions or the significant intraocular variations in peripheral refraction. It will be important to improve the efficacy of these potential optical treatment strategies, because optical treatment strategies will not eliminate existing myopic errors (except possibly in very young children). Instead, they will probably only slow subsequent progression, which is a strong argument for using these treatment options at as early an age as practical. But given the increasing prevalence of myopia, having an optical treatment strategy that produces a clinically meaningful reduction in myopia progression would have huge public health benefits.
